Pulsar wind nebulae (PWNe) are main gamma-ray emitters in the Galactic plane. They are diffuse nebulae that emit non-thermal radiation. Pulsar winds, relativistic magnetized outflows from the central star, shocked in the ambient medium produce a multiwavelength emission from the radio through gamma rays. Although the leptonic scenario is able to explain most PWNe emission, a hadronic contribution cannot be excluded. A possible hadronic contribution to the high-energy gamma-ray emission inevitably leads to the production of neutrinos. Using 9.5 years of all-sky IceCube data, we report results from a stacking analysis to search for neutrino emission from 35 PWNe that are high-energy gamma-ray emitters. In the absence of any significant correlation, we set upper limits on the total neutrino emission from those PWNe and constraints on hadronic spectral components.
INTRODUCTION
Galactic cosmic rays (CRs) are believed to reach energies of at least several PeV, the "knee" in the cosmic ray spectrum. Their interactions should generate gamma rays and neutrinos from the decay of secondary pions reaching hundreds of TeV. Because high-energy gamma rays can also originate in leptonic scenarios, the smoking gun for the identification of a Galactic cosmic accelerator relies on identifying a high-energy neutrino source.
The observation of high-energy neutrinos of astrophysical origin with IceCube (Aartsen et al. 2013a (Aartsen et al. , 2014a opened a new front in the search for Galactic cosmic ray accelerators. Since the discovery, IceCube has conducted analyses searching for the sources of cosmic neutrinos. Potential sources in the Galaxy are pre-identified from the catalogs of high-energy gamma-ray emitters in the Galaxy as high-energy gamma rays are supposed to be accompanied by their neutrino counterparts, if the sources are hadronic. In an early survey of the veryhigh-energy (VHE) gamma rays (100 GeV to 100 TeV) sky by Milagro (Abdo et al. 2007 ), a handful of sources were identified as the brightest objects after the Crab Nebula. Early predictions hinted at the possibility of identifying these sources within few years of IceCube operation (Halzen et al. 2008; Gonzalez-Garcia et al. 2009 ). Further observations by Milagro, together with other imaging atmospheric Cherenkov telescopes (IACTs) and water Cherenkov telescopes, surveys by H.E.S.S (Abdalla et al. 2018 ) and HAWC (Abeysekara et al. 2017) for instance, provided a better and more comprehensive view of the Galactic plane at high energies. Interestingly, the majority of these objects were found to be pulsar wind nebulae. * Deceased Pulsar wind nebulae (PWNe) are diffuse nebulae confined inside supernova remnants (SNR) that are powered by pulsar winds generated by the highly spinning and magnetized pulsars in the center. According to observations mentioned above, PWNe are the most numerous TeV gamma-ray emitters in the Milky Way.
The photon emission of PWNe is believed to be mainly from relativistic electron-positron pairs which are the primary components of the pulsar winds. These magnetized winds are powered by the rotational energy of the central pulsars. In this leptonic scenario, the low-energy emission (radio, optical and X-ray) is dominated by synchrotron emission of relativistic leptons and the inverse Compton scattering (ICS) of synchrotron photons becomes dominant at high energies (TeV). The leptonic scenario can accommodate the photon spectrum from radio wavelengths to TeV (Kargaltsev & Pavlov 2010) . However, the presence of hadrons coexisting with leptons is still uncertain and to date cannot be excluded by either theory or observation. The hadronic mechanism was first discussed in the context of the VHE gammaray emission of the Crab Nebula, where protons accelerated in the outer gap of the pulsar interacting with the nebula (Cheng et al. 1990 ) and heavy nuclei accelerated in the pulsar magnetosphere interacting with soft photons (Bednarek & Protheroe 1997) . In addition, neutrino emission from PWNe has been studied for cosmic ray acceleration at the termination shocks followed by interactions in the source region with photons or nuclei (see e.g. Amato et al. 2003; Bednarek 2003; Lemoine et al. 2015; Palma et al. 2017) . Even minor contaimination of ions at the termination shock would lead to considerable amount of energy contents released in hadrons. In such scenario, a neutrino flux is expected due to hadronuclear interactions (see Amato & Arons 2006, for details) .
VHE gamma-ray emission from PWNe and the possibility of their hadronic origin render PWNe of interest to IceCube. Previous IceCube searches have set upper limits on the neutrino flux from a list of individual PWNe (Aartsen et al. 2013b (Aartsen et al. , 2014b (Aartsen et al. , 2017a and also a stacking search on nine PWNe using seven years data has been performed (Aartsen et al. 2017b) . Assuming part of the TeV gamma-ray emission from PWNe is hadronic, we report a stacking analysis on 35 TeV PWNe using 9.5 years of IceCube all-sky neutrino data.
SEARCH FOR NEUTRINO EMISSION

Source Selection
In astrophysical beam dumps, when accelerated cosmic rays interact with matter or ambient radiation, both neutral and charged pion secondaries are produced. While charged pions decay into high-energy neutrinos, neutral pions decay and create a flux of high-energy gamma rays. Therefore, in the context of multimessenger connection, high-energy neutrinos are inevitably accompanied by pionic gamma rays. PWNe with detected VHE gamma rays are of interest in the context of multimessenger astronomy, for possible hadronic origin in addition to photons scattered to higher energies via ICS. Therefore, in this search, we consider sources identified as PWNe with gamma-ray emission higher than 1 TeV. These are sources observed by the highenergy gamma-ray telescopes HAWC, H.E.S.S, MAGIC, and VERITAS, which currently observe the highest energy photons. The associated pulsars of these PWNe are listed in the Australia Telescope National Facility (ATNF) catalog (Manchester et al. 2005) . The source list is presented in Table 3 along with detailed information on the position, extension, age, period, and gammaray spectrum of each source.
Method
Here, we use an unbinned maximum likelihood to perform a stacking search for neutrino emission from TeV PWNe. This analysis seeks a significant excess of neutrino events (signal) from directions interested above the background of atmospheric neutrinos and diffuse astrophysical neutrinos. The method is described in Braun et al. (2008) . Stacking potential sources together is an effective way to improve the sensitivity of a search for neutrino sources (Achterberg et al. 2006 ). The unbinned likelihood function for a stacking search is defined as
where n s is the number of signal events and γ s is the spectral index of a power-law spectrum. N is the total number of neutrino events and M is the number of sources. S j i is the signal probability density function (PDF) which corresponds to the ith event with respect to the jth source. The normalized weight, ω j , determines the relative normalization of the signal PDF from source j. Finally, B i is the background PDF.
The PDFs are composed of the spatial part and the energy part, therefore, for the signal S j i = S s (x j , x i , σ ij ) × S E (E i , γ s ) and similarly for the back-
x j is the location of source j; x i , δ i and E i are the reconstructed location, declination and energy of event i. For S j i , the spatial clustering of signal events is modeled as a twodimensional Gaussian distribution. The width of the spatial PDF, σ ij , representing the effective angular uncertainty of event σ i and the angular extension of source σ j , is defined as σ ij = (σ 2 i + σ 2 j ) 1/2 . An event energy proxy is used to separate a potential hard-spectrum signal from the softer spectrum background. We model the signal spectrum as an unbroken power-law spectrum, E −γs , where the spectral index, γ s , is assumed to have a value between 1 and 4. In order to avoid bias, we set the spectral index γ s as a generic parameter for all sources instead of using the measured index for each source from gamma-ray observations. For B i , it is constructed from binning the experimental data in the reconstructed declination and energy. 1/2π arises due to IceCube, located at the South Pole, has a uniform acceptance in right ascension. Since we search for an excess of neutrino events from preassigned source locations, the background is estimated by randomizing the right ascensions of the experimental data sample to remove any correlation with sources being tested. The likelihood is maximized for two parameters: number of signal events, n s , and the spectral index, γ s . The null hypothesis presumes no signal-like event, i.e., n s = 0. The test statistic (TS) is defined by a maximal log-likelihood ratio TS = 2 log[L(n s ,γ s )/L(n s = 0)] in whichn s andγ s are the best-fitting values. A distribution of background TS values approximately following χ 2 distribution can be generated after randomizing the neutrino map many times. The actual data can give the observed TS. The p-value, which represents the probability that the background being able to create a TS the same or larger than the observed TS, is defined as the fraction of TS larger than the observed one in the total background TS distribution.
Weighting
The weight term ω j is composed of two terms -a "model" term ω j,model and a detector acceptance term ω j,det , i.e.
2.0 2.5 3.0 Spectral Index 10 −13 10 −12 10 −11 10 −10 10 −9
weighting scheme equal pulsar frequency γ-ray flux pulsar inverse age weighting scheme equal pulsar frequency γ-ray flux pulsar inverse age Figure 1 . Sensitivities (90% CL) and 5σ discovery potentials of different weighting schemes as a function of spectral index for an unbroken power-law spectrum.
The detector acceptance term ω j,det can be determined by the spectrum and the effective area of the detector for an event from the direction of the source
where θ j is the zenith angle of source j. About the unknown model term ω j,model , theoretical or observational arguments can be used in the weights applied to each source in order to test a specific hypothesis, such as correlation of neutrino emission with a particular property of a source. Here, we test for four distinct hypotheses by incorporating different weighting schemes according to the main properties of PWNe:
Equal weighting-In this scheme, ω j,model = 1, which assigns the neutrino emission of each source the same probability. Therefore, no preference is given to any source and they are treated equally.
Gamma-ray flux weighting-This case assumes that a plausible high-energy neutrino emission is directly proportional to the high-energy gamma-ray emission from each source. If this assumption is true, this basically means that the observed high-energy gamma rays are either partially or completely of hadronic origin. Here, we incorporate the gamma-ray flux at 1 TeV as the weights. As indicated in Table 3 , for sources in the Northern sky, spectral measurements from MAGIC and VERITAS are used; while for sources in the Southern sky, H.E.S.S is used as it is more sensitive in this region. The HAWC observations are used for Geminga and 2HWC J0700+143.
Pulsar spin frequency weighting-The energy carried by the pulsar wind for the acceleration is taken from the rotational energy of the pulsar as it emits radiation, which results in the spin-down of the pulsar (Gaensler & Slane 2006) . Thus, the period of the pulsar is an important measure of how energetic the pulsar is. Using frequencies as weights, faster spinning sources are preferred in this scenario.
Age weighting-The characteristic age of a pulsar is usually defined as τ = P 2Ṗ where P andṖ are the period and its time derivative, respectively. This parameter is used to estimate the true age of a pulsar under assumptions that the initial spin is much faster than today and the energy loss is from magnetic dipole radiation (Gaensler & Slane 2006) . Here, 1/age is used as the weight of each source. This assumption prefers younger PWNe to be more energetic emitters.
Detector & Data Set
The IceCube Neutrino Observatory at the South Pole has transformed a cubic kilometer of Antarctic ice into a Cherenkov detector and has been monitoring the whole sky continuously since 2008. The detector is an array of digital optical modules (DOMs) each including a photomultiplier tube and on-board read-out electronics (Abbasi et al. 2010 (Abbasi et al. , 2009 ). The complete configuration accomplished in 2010 is composed of 5160 DOMs arranged in 86 strings from 1450 to 2450 meters below the surface in Antarctic ice (Aartsen et al. 2017d ). The Cherenkov light emitted by the secondary particles produced in neutrino interactions are registered by the DOMs, and particle trajectories are determined by the arrival times of photons at the optical sensors. The Note-Best fits for TS, ns and γ. The last three columns are upper limit constraints on the stacking flux with a 90% CL.
The first one has a power-law spectrum E −2.0 ; the second has E −2.19 , which is the measured astrophysical muon neutrino spectrum by IceCube (Haack & Wiebusch 2018 ) and the last column follows E −2.5 , which is the IceCube all-flavor combined neutrino spectrum (Aartsen et al. 2015) . They are all normalized at 1 TeV with units 10 −12 TeV −1 cm −2 s −1 .
number of photons observed along with their timings are used to determine the energy deposited by charged secondary particles in the detector. While IceCube is able to detect neutrinos of all flavors, long tracks resulting from muon neutrino interactions can point back to the sources with a typical angular resolution of less than 1 • (Aartsen et al. 2017a) .
In this analysis, we use 9.5-year all sky data collected by IceCube between April 2008 and November 2017. This includes seven years of data already studied for neutrino point sources (Aartsen et al. 2017a ) along with additional data for the period of May 2015 and 2017 (Aartsen et al. 2017c ). These 9.5 years of data correspond to six distinct periods specified in Table 1 . These periods differ in detector configuration, data-taking conditions, and event selections.
To estimate the performance of the analysis, source emission is simulated to observe the detector response. Sensitivities (90% confidence level (CL)) and discovery potentials (5σ) for different weighting scenarios discussed in Sec. 2.3 are shown in Figure 1 . For simulating the neutrino emission, an unbroken power-law spectral shape is assumed. The projected sensitivity shows, as expected, that IceCube is more sensitive to sources with a harder spectrum. The difference of the sensitivities between weighting schemes is dependent on the weight distribution which represents how significant we assume one location is. For example, more sources in Northern sky with higher weights imply a better sensitivity to IceCube.
RESULTS
We performed the unbinned likelihood analysis discussed in Sec. 2.2 for different hypotheses of neutrino emission considering equal, frequency, gamma-ray flux, and inverse age weighting. The results for these tests are presented in Table 2 . The largest excess was found in the equal weighting scheme, yielding a fitted signal of 40.4 events with a p-value of 0.22, which shows no significant correlation. Therefore, the isotropic background distribution (null) hypothesis is preferred. Because none of the tests led to a significant excess of fitted signal events and the results are compatible with the null hypothesis, we set upper limits on the total flux of high-energy neutrinos from PWNe for each hypothesis. Upper limits with a 90% CL are presented for three different spectral shape assumptions in Table 2 .
DISCUSSION
Due to the apparent isotropy of astrophysical neutrinos observed by IceCube, An extragalactic origin is expected to be predominant. However, Galactic cosmic ray accelerators are expected to contribute at a subdominant level to the observed high-energy cosmic neutrino flux. The Galactic component of the high-energy neutrino flux is constrained to ∼ 14% at 1 TeV (Aartsen et al. 2017b) of the combined diffuse neutrino flux measured in (Aartsen et al. 2015) . The upper limit obtained in this study for neutrino emission from TeV PWNe is consistent with this limit by showing no more than ∼ 1.6% contribution to the combined flux in this search. Considering the astrophysical muon neutrino flux reported (Haack & Wiebusch 2018) , the contribution of neutrino emission from TeV PWNe studied here to the total neutrino flux is less than ∼ 4%. We note that this limit is valid within the specific assumptions of this analysis regarding the weighting and selection of the sources and should not be applied or extended to other hypotheses.
In the context of a multimessenger connection, neutrino fluxes can be related to the high-energy gammaray flux; see (Ahlers & Murase 2014) for details. With this connection, one can use the upper limit on the neutrino flux to constrain the hadronic component of the observed high-energy gamma-ray flux. Here, we assume hadronuclear (i.e., proton-proton) interactions at the source to convert neutrino fluxes to their gamma-ray 10 −1 10 0 10 1 10 2 E γ [TeV] 10 −13 10 −12 10 −11 10 −10 10 −9 10 −8
sum of γ-ray fluxes single source γ-ray flux weighting scheme equal pulsar frequency γ-ray flux pulsar inverse age Figure 2 . Light gray lines are observed gamma-ray spectra of the sources in this search, and the dark gray line is the sum of those fluxes. The total uncertainty is estimated by simply summing up the uncertainty of the flux of each source. Red, orange, purple and blue steps show the differential upper limit on the hadronic gamma-ray emission. The upper limits are obtained by converting 90% CL differential upper limit on the neutrino flux, and each color corresponds to a given weighting method. To avoid uncertainties from extrapolation, the energy is limited to 100 TeV here.
counterparts. For proton-gamma interactions, one can easily adjust proton-proton flux by a factor of 2, taking account the different ratio of charged to neutral pions in each process. High-energy gamma-ray flux measurements extend to tens of TeV, while IceCube neutrinos reach energies of a few PeV. To avoid the large uncertainties in extrapolation of the high-energy gamma-ray flux, we calculate differential upper limits assuming an unbroken powerlaw spectrum and convert the neutrino limits into upper limits on a hadronic gamma-ray flux at energies below 100 TeV. Figure 2 shows the differential upper limits for an E −2 spectrum for different hypotheses tests of this study compared to the observed cumulative flux of VHE gamma rays. As expected, the constraints are stronger at higher energies. At energies between 10 and 100 TeV, the hadronic component of the high-energy emission from these sources are constrained, if the neutrino emission is either correlated with the observed gamma-ray emission or if younger PWNe are more efficient neutrino emitters. However, if the emission is proportional to the pulsar's frequency, upper limits are marginally at the same level of the total gamma-ray emission.
CONCLUSION & OUTLOOK
Galactic cosmic rays reach energies of at least several PeV, and their interactions should generate gamma rays and neutrinos from the decay of secondary pions. Therefore, Galactic sources are expected to contribute at some level to the total high-energy cosmic neutrino flux observed by IceCube. In the initial survey of the VHE sky by Milagro (Abdo et al. 2007) , where the observed gamma-ray flux in TeV was found higher than the expected leptonic emission, promising sources had been identified based on their spectra, assuming that the highest energy gamma rays are pionic. Early estimates showed that the observation of these sources were likely in the lifetime of IceCube (Halzen et al. 2008; Gonzalez-Garcia et al. 2009 ). Further observation of the Galactic plane by IACTs provided more insight, and updated estimates showed that IceCube would identify those sources provided that the gamma-ray fluxes did not cut off at low energies (Gonzalez-Garcia et al. 2014; Halzen et al. 2017) . Meanwhile, the majority of the sources in the plane were identified to be PWNe. Leptonic scenarios are generally more favored for describing the high-energy emission from PWNe. However, a hadronic component cannot be excluded by current observations. Hadronic interactions at the source will inevitably result in the production of neutrinos that provide the smoking gun for the presence of the hadrons.
In this study, we examined the possible neutrino emission from PWNe with TeV gamma-ray emission. Thirtyfive sources were identified, and the results of the stacking searches for the high-energy neutrino emission are compatible with the isotropic arrival direction hypothesis. In the absence of a significant excess of neutrino events in the direction of these sources, we have set upper limits on the total neutrino emission and on the potential hadronic component of the high-energy gammaray flux.
Any evidence for presence (or absence) of the hadrons in pulsar winds would provide important clues about the mechanism of acceleration in these sources, for more details see e.g. (Amato 2014) . The so-called σ problem 1 could be solved if the majority of the pulsar winds energy is carried by hadrons and further explain how efficient acceleration of leptons is obtained in the termination shocks (Palma et al. 2017) . The stacking analysis presented here found upper limits at the level of the total observed high-energy gamma-ray emission indicating that neutrino flux measurements getting close to determine the feasibility of such models.
In the future, more accurate measurement of the VHE gamma-ray flux by HAWC and coming gammaray observatories such as CTA (Acharya et al. 2018 ) and LHAASO (Di Sciascio 2016) will shed more light on the nature of the high-energy emission from the Milky Way. From the perspective of neutrino detection, addition of more years of data with continuous operation of IceCube will improve the sensitivity of the search for Galactic sources of cosmic neutrinos. The next step, IceCube-Gen2, a substantial expansion of IceCube, will be 10 times larger. This next-generation neutrino observatory with 5 times the effective area of IceCube is expected to improve the neutrino source search sensitivity by the same order (Aartsen et al. 2014c; Ahlers & Halzen 2014; Aartsen et al. 2019) . With higher neutrino statistics, identifying Galactic sources will become more promising. Note-Equatorial coordinates (J2000) of sources are from TeVCat. Ages and periods that are related to the associated pulsars are from ATNF (Manchester et al. 2005) . The last two columns refer to telescopes and references that made spectrum (normalized fluxes, spectral indices, and exponential cutoff energies, if applicable) and angular extension measurements of the source. N0 in the table shows the gamma-ray flux at 1 TeV.
a Period and age are from estimation (Acero et al. 2012 ).
